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SSMICONDUCTOR DCVICS 



BACKGROUND OF THE INVENTION 

5 

Field of the Invention 

The presenr invenxlcn relates to a semiconductor 
device, and more particularly to a ultra-high current drive 
MOS transistor suitaiDle for use under a low supply voltage. 

10 

Description of the Prior Art 

In the field of the MOS transistors, with the advance 
of the integration technique of the MOSFBTs in particular, 
the device having a gate length within a range equal to or 
15 less than 0.5 urn has been studied and developed at various 
places. In 1974, R.L, Dennard at al . have proposed the so- 
called scaling method for the MOSFET down-scaling. This 
method indicates that when the size of one composing 
element (e.g., channel length) of an element is required 
20 to be reduced^ the operating characteristics of the 
transistor can be secured, as far as the other composing 
elements are reduced at the same reducrion ratio. Basical- 
ly, from the 1979a to the early 1990s, the higher integra- 
tion technique of the MOSFETs has been lealized on the 
25 basis of this scaling method. 

With the advance of the higher and higher inregrarion, 
however^ various composing elements approacn the respective 
limit values referred to as "limit values" so that it has 
become difficult to furt.her reduce the various composing 
30 elements beyond these li.Tiir values. For instance, since 
the limit of rhe thickness of the gate insulating film is 
generally considered as about 3 to 4 nm, when rhe film 
thickness is reduced balow this value, direcr t:unneling 
current between the gare elQcrrode and t'riB source/drain 
35 electrode increases, so that it has been well known that 
"Che transistor canno-c operate normally. 



To overcome this crohlem, in 1953. Fletina et al. have 
proposed such a technique thai: aithcugh the gate insulating 
film thickness is fixed to about 3 nm, the composing 
elements other than the gate insulating filr.. can be reduced 
[as reported by Document (Writer): C. FLegiis. H. iwai, -I". 
Wada, T. Saito, E. Sangiorgto, and B . Ricco; (Title) Anew 
scaling methodology for the 0.1 to 0-025 urn MOSFET. 'Dig. 
of Tech. Papers, VLSI Symp; (Source) Technol., Kyoto, pp 
33-34, 19931. On the basis of this technique, in the same 
year, Ono e-c al. has realized a transistor having a gate 
length of 0.04 vsa, [as reported by Documen-c (Writer): M. 
ono, M. Saito, T. Yoshitorai, C. Fiegna, and K. Iwai; 
(Title) Sub-EQ nm gate length n-MOSFETs with 10 nni phospho- 
rus source a.id drain junction: (Source) imM Tech. Dig., 
pp. 119 to 122, 1999]. 

The transistor having a gate insulating fila thickness 
of 3 nm and a gate iengrh of 0.04 nm was manufactured as 
follows: First, after an isolation region had been formed 
on a p-type silicon substrate in accordance «ith LOCOS 
(Local Oxidation of Silicon), p-type in:pucitiss (e.g., B 
(boron); were introduced into the channel forming region 
to such an extent that: any required threshold voltage was 
obtained . 

After that, as the gate oxide film, an oxide film of 
about 3 nm was formed on the surface of the silicon 
substrate by oxidizatlcn at 800C" for 10 ir.in wit.hin a dry 
O2 atmosphere, for instance. Further, after poly silicon 
containing P (phosphorus) was deposited to a thickness of 
about 100 nm, a resisr was applied, and the applied resist 
was patterned tc obtain a gate electrode of a desired 
length. Further, a- type Impurities were introduced into 
the source/drain forming region, by solid phase phosphorus 
diffusion from a ?SG film (a silicon oxide film containing 
P (phosphorus)) remaining on the gate eleatrode side well 
portion. After that, in order to improve the connection 
to the metal wiring portion and further to reduce rhe 



resistance of the diffusion layer por-cicn vhlch exerts no 
influence upon the short channel effect of the transistor), 
n-type impurities (a close: 5 x LO^^cm"-^) were introduced in 
accordance with the ion implantation method, for instance. 
At this time, the substrate was annealed ac lOOOC* fox 10 
rain, for inarance for impurity diffusion .^nd activation- 
jVfter that, contact porrions were opened, and metallization 
was formed. 

In the transistor manufacture as described above, the 
sheet resistance (ps) of the source/drain 5if fusion layer 
under the gate side wall portion was 6.2 kfi/C, and the 
diffusion length (i.e., the depth of the source/drain 
region) was 10 nm, as a result of SIMS analysis. 

In the above-mentioned prior art transistor, however , 
since the parasitic resistance increased relatively large 
due to the shallow source/drain region, it was impossible 
to obtain a high current drive capability corxesponding to 
the reduction of the gate length. 



SUMMARY OF THE INVENTION 

With these problems in mind, therefore, it is the 
object or the present invention to provide a MOS type 
semiconductor device of high current drive capability. 

According to the first aspect of the present invention, 
there is provided a semiconductor device, comprising: 

a first-conductivity type semiconductor substrate; 

an insulating film formed on saic semiconductor 
substrate; 

a gate electrode formed on said semiconducxor substrate 
via said insulating film; and 

a second-conductivity type source/ drain region formed 
on both sides of a channel forming region located under 
said gate electrode formed on said semiconductor substrate 
via said insulating film; and 

wherein a thickness of said insulatir.g film is less 
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than 2.5 nm a-c silicon oxide equivalenr thickness; and a 
gate lengxh of said gaxe electrode is equal to or less tlian 
0.3 pxn. 

According t:o the preseni: invention, when the thickness 
5 of the gate insulating film is determined less than 2.5 nm. 
It is possible to improve the reliability of the device 
under the hot carrier stress as shown in Fig. 3. In 
addition, when rhe thickness of the gate insulating film 
ig reduced 2 nm or less, the reliability can be further 

10 improved . 

Further, as shown in Fi.g. 4, when the channel length is 
determined equal to or less than Q.3 pm, rhe gare current 
can be reduced markedly, so that the -cranaisror characrer- 
istlcs can be improved markedly. 
15 Consequently, in the SGmiconductor device according to 

the present invent:ion, when the gate lengt.-i is determined 
equal to or less than 0.3 \ita and the gate Insulating film 
thickness is determined lass than 2.5 nm, a transistor of 
excellent operating charac-teristics aiid hrlgh hot carrier 
20 reliability can be realized - 

According to the second aspect of the present inven- 
tion, there is provided a semiconductor device, comprising: 
a first -conductivity type semiconductor substrate; 
an insulating film formed on said semiconductor 

25 substrate; 

a gate elect:rode formed on said semiconductor substrate 

via said insulating film: and 

a second-conductivity type source/drain region formed 
on both sides of a char^el forming region located under 
30 said gate electrode formed on said semiconcuctor subsxrate 
via said insulating film; and 

wherein a thickness of said iasulatir.g film is less 
than 2.5 nra at silicon oxide equivalent rhickness; a gare 
length of said gare electrode is equal to or less than 0.3 
35 vot; and a voltage applied to said gate electrode and said 
drain region is determined to be 1-5 V or less. 

According to T:he third aspeci: of the present invention. 



there is provided a semlcanductor device, comprising: 
a first -conductivity type semiconductor substrate; 
an insulating film formed on said semiconductor 

substrate; 

a gate electrode formed cn said semiconductor substrate 
via said insulating film; and 

a second-conductiviry rype source/drain region formed 
on botn sides of a channel forming region located under 
said gate electrode formed on said semiconductor substrate 
via said insulating film; and 

v/herein a tranaccnductance (gm) is as Jollows: 

gm > 400 Vqq + 140 in nMCS 

gm > 260 Vqq + 10 in pMOS 

where a unit of Vqq is V and a unit of gm is mS/mm. 
According to the fourth aspect of the present inven- 
tion, there is provided a semiconductor device, comprising: 
a MOS TET including: 

a first-conductivity type semiconductor substrate; 
an insulating film farmed on said semiconductor 
substrate and having a thickness less than 2.5 nm at 
silicon oxide equivalent thickness film; 

a gate electrode formed on sale semiconductor 
substrate via said insulating film; and 

a second-conductivity type source/drain region 
formed on both sides of a channel forming region located 
under said gate elecxrode formed on said semiconductor 
substrate via said insulating film; and 

a Schottky diode formed of a metal/ silicon layer having 
a breakdown voltage lower than that of said insulating film 
and connected to said gate electrode cf said MOSFET. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a cross-secticnal view showing a structure of 
an embodiment of the MOS type transistor according to the 
present invention; 

Fig- 2 is a graphical representation showing the 



impuriry concentration prcf ile to a diffusion depth at t:he 
source and drain region of the xransis-tor shown in Fig 1; 

Fig, 3 is a graphical reprasentation showing the 
dapendance of the degradarion of the rraxisconductance upon 
the gate oxide film thickness T^^^, when the same transistor 
ig under the hot carrier stress (V^ » 2.5 V; I.^ubmax' ^"^"^^ 
application time of 1000 sec); 

Fig. 4 is a graphical rapresentaticn sho^Jing the 
dependance of the tunnelling gate cuxrenx Ig upon the gate 
length in the same transistor; 

Fig. 5 la a graphical represenraticn showing the 
dependance of the drain cxirrent i^q upon the gate length Lg 
in the same transistor (W = 10 pm); 

Fig- 5 is a graphical representation showing the 
dependance of the tunnelling gate current Ig upon the gate 
.length in the same transistor (W = iO pm); 

Fig. 7 is a graphical representation showing the 
dependance of the transconductance gm upon the gate length 
L in the same transistor (W ^ 10 vim); 

* Fig. 3A 1.3 a graphical representation showing tine 
dependance of the maximum substrate current Isubmax ^P^^ 
trhe gate length Lg in the same transistor (W « 10 pm) ; 

Fig. SB is a graphical representation showing the 
dependance of the subsxrate current upon the gate 

voltage Vg in the same transistor (W « iO um); 

Fig. 9 is a graphical representation showing the 
dependance of the impact ionization ratio upon the gate 
length in the same transistor (W =« 10 piu); 

Fig.^ 10 is a graphical representation showing the 
dependance or the currents Ig and 1^ upon the supply 
voltage Vj ^ Vg in the same transistor (Lg - 0.14 um, W - 
10 um); 

Fig- 11 is a graphical rapresentatlcn showing the 
dependance of the drain current upon the supply voltage 



Vj - V in rhe same rransis-cor (L^ » 0.14 pew W = 10 u^i); 
d g 5 

Fig. 12 is a graphical represenraticn showing the 

dependance of ths currenr rario 'g/^d ^P^^ "^^^ supply 
voltage - Vg in tha same rransistor; 

Fig. 13A is a graphical representations showing the 
dependance of the drain curraii-c 1^ characteristics upon the 
drain voltage in the prior art transistor with the gate 

voltage Vg as a parameter; 

Figs- 13B and 13C are graphical representations showing 
the dependance of the drain current characteristics upon 
the drain voltage in the sanie invention transistor with 
the gate voltage Vg as a parameter; 

Fig. 14A is a graphical representations showing the 
dependance of the transconductance gm upon the gate voltage 
Vg in the prior art transistor; 

Figs. 14B and 14C are graphical representations showing 
the dependance of the conductance gm upon the gate voltage 
V In the same invention rransistor; 

Figs. 15A to 15C are graphical representations showing 
rhe major character ist:-cs cf the transistor according to 
the present invention; 

Figs- 15D to 15F are graphical representations showing 
the characteristics of rhe prior art transistor, for 
compaz'ison ; 

Fig. 16 is a graphical representation showing the 
dependance of the carrier effective mobility upon the 
effective electric field; 

Fig. 17 is a graphical representation showing the 
characteristics of degradation of the trar.sconductance gm 
with the lapse of the stress time) of one eribodiment of the 
MOS type transistor according to the prese:nt invention; 

Fig. ISA is an illustration showing an example of the 
s miconductor device, in which the whole area of the 
semiconductor device are formed by the transistors accord- 
ing to the present invent icn; 



Fig. 18B is ap- illusrratlon showing rhe aemiconductor 
device, in which rhe MOSFETs of the pregenr. invention are 
sanufactured at a part of the area of the device: 

Fig. iac is an illustration showing the semiconductor 
davice, in which the MOSFET3 of the presen- invention are 
manufactured at the peripheral area of the device; 

Fig. 19 is illua-cration for assistance in explaining 
the construction of the prior arr high-speed semiconductor 
device formed by the bipolar transistors (at the peripheral 
pon:icn) and the CMOS transistors (at the core portion) in 
combine "Ci on ; 

Fig. 20 is a graphical reprssenratiun showing the 
dependance of the tranaconduc-ance upon the gate voltage 

V m the transistor with Lg = 0.09 ym and Tg^ = ^- 5 nm; 

^ Fig. 21 xs a graphical representation showing the 
dependance of the transconductance upon the supply voltage 

V in the same transistor; 

Fig 22 is a grauhical repreaentarion showing the 
dependance of the current drive capability (per unit 

leng-ch) upon the supply voltage Vqq; 

Fig. 23 is a graphical represenrarlon showing rhe gate 
current raxio 1,/!^ to rhe drain currenx. according ro rhe 

gate lengrh L,^7 

Fig. 24A is a graphical representation showing (L^ - 
Vq) characteristics of pMOS transistor having T^^ = 1.5 nni 

and - 0.2 lom; 

Fig. 24B is a grapnicai representation showing (gm - 

Vq) characteristics of the same transistor shown in Fig. 

'p-g 25A is a graphical rapresanrat^on showing the 
.•olatlonship between clock frequency (f) and the power 
consumption of MPUs determined by both charge /discharge 
component and the subthreshold lealcage current component, 
in which a first prior arx transistor (having Lg - 0.4 yatn 
and T . 9 n.-n), a second prior art transistor (having 

^ OX 



=. 0.1 \m and - 3 nm), a first invention transistor 

(having = 0.14 |jm and T^^ - 1.5 ma), and a second 
invention transistor (having Lg - 0-09 >im and T^^j = l.S nm) 
are shcvm; 

Fig. 25B is a graphical representation showing the 
relationship between clock frequency (f) and the power 
consumption of MPUs determined by only the gate leakage 
current component; 

Tig. 26 Is a graphical representation showing the 
relationship between clock frequency (f) and the po-wer 
consumption cf MPUs under the same clock frequency condi- 
tions and the same power consunption condit:-ons for all the 
transistors, in which a first prior art transistor (having 
L - 0.4 and Tgj^ - 9 nm), 3 second prior art transistor 
(having = 0.1 vua and T^^ = 3 nm), a first invention 
transistor (having Lg - 0.14 \im and T^^ - 1.5 nm), and a 
sacond invention transistor (having Lg - 0.09 ym and T^^^ - 
1.5 nm) are shown; 

Fig. 27A is a graphical representation showing the (Ig 
- V ) c.'iaracteristics of the gate insulating films of 
various film thlcknasses T^^^ used for the ordinary tunnel- 
ing gate oxide film MOSFST, in which a nuirier cf sorts o£ 
the gare insulating films are shown; 

Fig. 273 is the similar more detailed graphical 
rapresen-cation showing the (Ig - V^) characiieristics of the 
gate insulating films cf various film thiclmesses T^^ used 
for the ordinary tunneling gate oxide film itOSFET. in which 
the film thicknesses are more limited; 

Fig. 28A is a circuit diagram showing -^ihe structure of 
the semiccnductor device according to the present inven- 
tion; 

Fig. 2SB is a circuit diagram showing to the structure 
of the .MOSFST having a Schtokky diode to protect the gats 
insulating film of the transistor according to the presenr 
invention: 
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Fig. 29 is a graphical represent aricn showing the 
relationship between the gate leakage current Ig and the 
gate length Lg obtained when the tunneling ^ate oxide film 
is applied to the MOSFET; 

Fig. 30A is a circuit diagram showing the structure of 
the prior art KOSFET improved to reduce the gate leak 
current ; and 

Fig- 30B is a circuit diagram showing t^.e structure of 
the MOSFETs according to the present invention improved to 
reduce the gate, leak current - 

DETAXI.ED DESCRIPTION OF THE PREFERRED SMBOOIM£^r^S 

Embodiments of the present invention will be described 
hexelnbelow with reference to the attached drawings. Fig. 
lA shows a structure of the KOS type transistor according 
to the present invention. In Fig- lA, on a first-conduc- 
tivity type (e.g., p-type> semiconductor substrate 1, a 
gate electrode 2 is formed by interposing an oxide film 3 
between the two. On both sides of a channel farming region 
4 formed under the gate electrode 2 of the substrate 1, a 
second-conductivity type (e.g., n-type) (opposite to the 
first-conductivity typo) high concentration diffusion layer 
is formed as a sourcs region 3 and a drain region 6, 
respectively. In use, a supply voltage 7 1:5 applied to the 
gate electrode 2 and the drain region 6. The gate length 
L Cthe dimension of the gate electrode 2 in the direction 
of the carrier moving in channel region 4) is determined 
equal to or less than 0.2 ym^ and the thicicness T^^ of the 
gate insulating film 3 is determined less than 2.5 nm. In 
rhe transistor of the present invention having the above- 
mentioned gate length L^, it is possible to increase the 
transcondLictance gm and to decrease the tunneling current 
1^2 ilo-^ing to the gate 2 (in the current (I^n + 1^2) ^® 
passed from the source region 5 to the dr&in region 6) at 

the same time. 

In the typical dimensions cf the respective parts of 



the transistor of the present invention shown in Fig. 1, 
the gare length (L ) of the gate electrode is 0.C9 \m: the 
thickness (T^^) or the gate insulating film is 1.5 nm; the 
effective channel length (L^g) between the source and drain 
5 and 6 is 0.05 and the diffusion depth (Xj) in the 

vicinity of the channel 4 is 30 nm (which is relatively 
shallow, in coraparison with the other regions). In this 
embodiment, the diffusion layer in the vicinity of the 
channel is formed by solid-phase diffusion from a PSG film 
formed on the gate side wall, which Is refeired to as a MOS 
transistor of SPDD (solid phase diffused drain) structure. 

The method of manufacturing the majcr part of the 
transistor as described above will be described hereinbe- 
low . 

After an element region and an element separating 
region had been both formed on the semiconductor substrate 
1 in accordance with the conventional method , the substrate 
was oxidized at 800 "C for 10 sec by RTO (Rapid Thennal 
Oxidation) method. Owing to this method, the gaxe insulat- 
ing film 3 with a film thickness of about 1.5 nm (which 
satisfies the above-mentioned condition) was obtained. 
Further, the gate insulating film 3 v/ith a thickness of 1.8 
nm was formed at 850 'C for 10 sec. Further, the gate 
insulating film 3 with a thickness of 2.0 rim was formed at 
900 •C for 5 sec. In other words, it was possible to form 
the gate insulating film 3 with any required film thickness 
less than 2.5 nm by selecting the heating temperature and 
the heating time. After thar, a polysilicon film conrain- 
ing phosphorus had been deposited about ICO nm, the 
polysilicon film was patterned by anisotropic etching to 
form the gate electrode of any desired length L^. 

After HF processing, the source/ drain regions 5 and 6 
with a diffusion length of 30 nm were formed by solid-phase 
diffusion from the PSG film (the silicon cxide film 
containing phosphorus). Fig. 2 shows the profile of the 
Impurity concentration thereof. The sh et resisrance ps 



of tha formed diffusion layer was 1.4 kn/0. Furthar, when 
the as processing was not made, the sheet raslstance ps of 
the formed diffusion Layer was 6.2 kn/0. 

The other process which follows the abova-mentloned 
process is subsxan-cially the same as with th* case of the 
conventional method. In the above-mentioned method, the 
minimum gate length of 0.06 ]m was realized. Further, the 
transistors with gate lengths of any desired dimensions 
were manufactured. Further, the gexe oxide films with any 
desired thicknesses between 1-5 and 2.5 nm were realized. 
Further, the gaxe length and the thickness of rhe ga-ce 
insulating film were obser-zed and confirmed by usa of a TEM 
(transmission electron tnicrcscope). 

various characteristic evaluation results of the KOSFET 
formed as described above will be explained hereinbelow. 

Fig. 3 shows the dependence of the -cranaconducxance 
(g«) degradation rate (%) upon the gate oxide film thick- 
ness (Tq3j) under hot carrier stress (stress condition - 
2 5 V- I Fig. 3 indicates that when the gate oxide 

film thickness is less than 2.5 nm, the cegradation rate 
of the transconducxance gm can be reduced down to about 
half of the degradation rare obtained when t.he gate oxide 
film thickness is 3 nm (this thickness has been so far 
considered as a limix value aC which tunneling current 
begins to flow), and Chereoy the life time of xhe transis- 
tor can be increased twice or more. Therefore, it is 
desirable that the gate oxide film thickness T^,, is deter- 
mined less than 2.5 nm. 

Further, wh^en the thickness of the gate oxide film 3 is 
determined equal to or leas t.nan 2.0 nm, r.he life time of 
the transistor can be further increased three times or 
more. Therefore, when rhe gate oxide film thickness T^^ is 
determined 2.0 nm, this is further preferable. Further, 
when the thickness T^^ of the gaxe oxide film 2 is equal to 
or less than 2 nm, "Che degradation rare becomes furxher 
sxable as being less than 10% Uf the g&xe lengti 
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0.01 \xm) and as ioaitig less rhan 6% (if the gate lencrh 
is Q.14 pin). However, when the thickness T^^ of the gate 
oxide film 3 incraases more than 2*5 nm, an abrupt degrada- 
tion of the transconducTance gm can be recognized, 
5 Fig. 4 shows the dependance of the tunneling gate 

currsnx Ig upon the gate length L^. In Fig. 4, when rhe 
gate width W is 10 ]xai etnd t^.e oxide film thickness T^^^ is 
1,5 nm, if the gate lengrh Lg is equal to cr less than 0.3 
\xxa, the xunneling currenr Xg is stable as being less than 
10 0,5 pA. FuxTher, when the oxide film thiclmess T^^ is 1.8 
nm, the tunneling currenr Ig is also stable as being less 
than 0.1 ]iA. In contrast with xhis, if thu gate length Lg 
exceeds 0.3 pro, an abrupr increase of the gate current Ig 
can be recognized. 
IS Fig- 5 shows the dependance of the drain cxixrent I^q 

upon the gate length Lg. In this drawing, three cases 
where the gate oxide film thickness T^^^ is* 1.5 nm and the 
diffusion lengxh xj is 30 nm ( as a firsr invention exam- 
ple); Tqj^ is 1.8 nm and x; iJ3 30 nm ( as a tiecond invenricn 
20 example); and T^^^ is 3.0 nm and x^ is 12 nm (as a prior art: 
example) are shown. Fig. 3 indicates that the drain 
currenx driving capability of the invention examples can 
be improved about twice larger than that of the prior art 
example. 

25 Fi5- ^ showK the dependance of the tunneling gate 

current Ig upon the gate length Lg, and Fig- 7 shows the 
dependance of the transcondactance gm upon the gate length 
L . In these drav;ings, three cases where*, the gate cxide 
film thickness T^^ is 1,5 nm and the diffusion length Xj Is 

30 30 nm (as the first inventicn example); T.^^^ is 1.8 nm and 
ig 30 nm (as th second inventicn example); and T^^ is 
3.0 nm and xj is 12 rjxi (as the prior art example) are 
ohown. Figs. 6 and 7 indicate that the -c anneiing current 
drive capability and the rransconductance of the invention 



exeixnplas can be improved about 1-5 to 2 ti-.nes larger tnan 
that of the prior art example when tha gatra length is the 
same- Further, when the gate length Lg is equal to or less 
than 0.3 ]im, since the tunneling current Ig at this time 
can be reduced less than 1/10^ of the drain current, there 
exists no specific problem in operation. 

Figs. SA and 8B show the dependance of the substrare 
current I^^jj upon the gate lengxh Lg and upon the gate 
voltage V , and Fig. 9 shews the dependance of the impact 
ionization ratio of the substrate current upon the gate 
length L^. These values are indices of the transistor 
reliability. With respect to the substrate current in 
particular. Fig, SB further shows the (V^ - ^sub^ character- 
istics with the gate length Lg as a parameter. In Fig. SB, 
three cases where the gate oxide film thickness T^^ is 1-5 
nm and the diffusion length Xj is 30 nm ( aa the first 
Invention example); T^^ is 1.8 nm and Xj is 30 nm ( as the 
second invenrion example); and T^^ is 3-0 nm and Xj is 12 
nm ( aa the prior art example) are shown. These drawings 
indicate that the stibstrate current and the impact ioniza- 
tion ratio of the transistors according to the present 
invention are larger than those of the prior art transis- 
tor. 

Fig. 17 shows the degradation characteristics of the 
transGonductance gm (according to the stress time). Fig. 
17 shows the test results obtained when two prior art 
transistors (the oxide film thickness T^^ is 3.0 nm; the 
diffusion length xj is 12 nm; and gate length Lg is 0.10 
pm) and ("he oxide film thickness T^^ is 3.0 nm; the 
diffusion length Xj is 12 nm; and gaze length Lg is 0.17 
pm) and two invention transistors (the oxice film xhicknsss 
'^OX ^i^^^s^^^h length Xj is 30 nm; and gat© . 

length L^, is 0.09 ^m) and (the oxide film thickness T^^,^ is 
1.5 nm; the diffusion length x- is 30 nm; and gate length 
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Lg 13 0.14 pm) are used. The dopondancd of the 
rransconductance upon stress time is rouglily the same in 
both the prior art transistors and the invention transis- 
tors. In the case of the invention transistors, however, 
5 since rha igm/gm itself is low, it has been confirmed that 
the degradation characteristics gm is can be improved. 

Fig. 16 shows the dependence of the carrier effective 
mobilitry upon the effecTive electric field, which is also 
used as an index of transistor raliabilit-/, [as reported 

10 by Document (Writer); Y. Toyoshiraa, H. Iwai, F- Marsuoka, 
H. Hayashida, K, Maeguchi; (Title) Analysis on gate-oxide 
thickness dependence of non-carrier induced degradation in 
thin-gate oxide nMOSFETs; (Source) IEEE Trans, Electron 
Devices, vol. 37, No. 6, pp 1496 ro 1503, 1^90)]. Furt.her, 

15 as the factors for deciding -the carrier effective mobility 
(l/y^lff), there are the surface roughness scattering (l/pg^), 
phcnon scattering (i/Ppjj) and coulomb scattering (l/)i^). 
Therefore, the total mcvability (l/p^j-j) can be expressed as 

In (1 /Vcff) = In ((1 /la^) + (1 + (1 /yp^)) 

20 Further, in the graphs, the dashed lines indicate the 

carrier effective mobility due to various factors, and the 
solid line indicates the total carrier effective mobility. 

In Fig. 17, the reason why the invention transistors 
are superior to -the prior art transistors in the hoU 

25 carrier reliability, that is, the reason v;hy the degrada- 
tion rate (Agm /gra) of the invention transistors is smaller 
than that of the prior art transistors is xhat an increase 
in interface state density caused by hot carrier stress, 
that is, the effect of causing a decrease in the current 

30 drive capability due to mobility degradation is not 
prominent with decreasing thickness o± the gate oxide film, 
as shown in Fig. 16. That is, when the c::ide film thick- 
ness is thin, since the elecrric field in the vertical 
direction of the channel is very strong, the mobility is 

35 mainly dominant by the surface roughness, so that the 
influence of rhe coulomb scarrering due to an increase in 



the In-terface state density does not eacert en influence 
upon the mobility. 

Therefore, in the case of the MOSFET of thin gate oxide 
film,, it is possible to obtain a transistor of high 
reliability and lass degradation after stress application, 
in spite of the fact that the substrate current and the 
impact ionization ratio are both relatively high. 

Fig. 10 shows the dependance of the currents Ig and 
upon the supply voltage ^ Vg, in which the oxide film 
thickness T^^ is 1.5 nm; the gaxe length Lg is 0.14 nm; and 
the diffusion depth Xj is 30 nm. Further, in the case of 
the invention transistor, when the supply voltage is equal 
to or lass than 2.0 V, -g/^d i-s equal to or less than 1 k 
10"^, so that it is found that there exists no specific 
problem in operation. Further, when the supply voltage is 
equal to or less than 1.5 V, I^/lj is equal to or less than 
about 6 X 10 , so that it is possible to realize a tran* 
sistor of further higher reliability. 

Fig, 11 shows the dependence of the drain current 1^ 
upon the gate voltage V in which the same transistors 
having the same characteristics as with the case shown in 
Fig. 10 are measured. Fig, 11 indicates that in the 
invention transistors, it is possible to obtain the current 
drive capsibility 3 to 5 time higher than thax of the 
results so far reported, even under the lower supply 
voltage. 

Fig. 12 shows the dependance of ^g/^d upon the drain 
voltage V^. As shown in Fig. 12, an excellent result of 
I /I^ of 6.0 X 10"^ or less can be obtained when the drain 
volrage is equal to or less than 5 V. In contrast with 
this, when the drain voltage exceeds 1.5 V, since the 
tunneling gate current I^, increases abruptly, it can be 
found that the characteristics deteriorate. 

Accordingly, as far as the invention transistor is used 
for the circuit of the drain voltage of 1.5 V or less, it 



can be understood that the invention transistor has 
excellent characteristics. 

Further, when the invention transistor is used for a 
circuit of the drain voirage of 1-2 V or less, since the 
ratio (Ig/ld^ °^ tunneling current (Ig) to the channel 

current (ij) can be reduced about 25% at the supply voltage 
of 1.5 V, the performance of the transistor can be improved 
markedly. In Fig. 12. the value of Ig/Ij of about 6 x IQ-^ 
at 1.5 V can be reduced down to 1.5 x 10"'^ at 1.2 V. 
Further, the tunneling gare current IgCan be reduced about 
50%. 

on rhe other hand, however, in the case of the 
•craneconductance representative of the transistor perfor- 
mance, as shown in Fig. 21, when the supply voltage V^jj is 
reduced from 1.5 V to 1.2 V, the transconductance gm is 
redticed only from 1010 mS/mm to 995 mS/iran; that is. the 
conductance can be reduced cnly 1.5%. Therefore, as far 
as the transistor is used in the circuit of the supply 
voltage Vp^ equal to or less than 1.2 V, it is possible to 
markedly improve the cransisrcr performance owing to an 
increase of Ig/l^ by 25%, as compared with when the supply 
voltage is 1.5 V . 

Further, when the transisror of the presen-c invention 
is used as a circuit of the supply voltage equal to or less 
than 0.5 V, as shown in Fig. 10, the gate leakage current 
I can be reduced down to 1/20 or less, as compared with 
that obtained when the supply voltage is 1.5 V. Further, 
the gate leak current Ig to the channel current l^j can be 
reduced by about 80%. Therefore, when the transistor 
according to the present invention is usee in a circuir of 
a supply voltage of 0.5 V or less, it is possible to 
realize a further higher performance transistor under low 
power consumption. 

Figs. 13A to 13C snows the dependence of the ( - V^) 
characteristics upon the gate length Lq. and Figs. 14A to 



14D show rhe dependance of the transconduc-cance gm upon rhe 
ga-Ca length Lq, respectively. In thea« graphs, the (I^j - 
V^) characrerl sties and the gm sub-threshold characteris- 
tics are shown when the gat© length Lg is 10 pm ( in Figs. 
13A and 14A), 0,14 vim (Figs. L3B and 13B) and 0-09 yen (in 
Figs. 13C and 13C), respectively • These graphs indicate 
that in the micrcsrructure device according to xhe present 
invention, a large gate leakage current in the prior art 
transistor (the gate length Lg is 10 shown in rigg- 13A 
and 14A) can be suppressed. In addition, it is well 
understood that a high performance aa gm - 1010 mS/mm in 
Lg « 0.Q9 yxn can be obtained. 

Figs. 15A and 15B show the transistor characteristics 
when the supply voltage is 0.5 V or less. In this case, 
the gate voltage Vg is also O.S V or less. In these 
drawings, the major characteristics are shown in comparison 
between the invention transistor (Fig. 15A) and the prior 
art transistor (Fig. 15D). Here, the major characteristics 
are the current drive capability {1^ - V^) characteristics; 
sub- threshold characteristics, the (log I^ - Vg) character- 
istics, and the transconductanca (gm - Vg) character istics. 
These drawings indicate that in the case of the invention 
transistor, a larger drain current I.^ and a large 
transconductance gm can be both obtained at a lower supply 
voltage, as compared with the prior art transistor^ so that 
the overall characteristics of the invention transistor can 
be improved- For instance, in the invention transistor, 
in spit of such a low supply voltage as 0.5 V, an excellent 
transconductance gm as high as 746 mS/mm can be obtained. 

Fig. 20 shows the dependance of the transconductance gm 
upon the gate voltage V in the invention transistor in 
which the gate length L„ is 0.09 and the gate oxide film 
thickness T^^ is 1.5 nm. Fig. 20 indicates that an excel- 
lent transconductance as high as 860 roS/min can be obtained 
when the gate voltage V is 0.5 V. 



rigs- 21 and 22 show the dependance of the 
transconductance (Fig. 21) and the current drive capability 
(Fig. 22) upon the supply voltage Vqq in the invention 
transistor (the gate lengrh Lg is O.C9vutt Q.l^ \m and 

the gate insulating film thickness T^^ is 1.5 nm), in 
comparison with the prior art transistor (r-he gate length 
Lg is 0.4 \m). Hare, the gate film thickness of the prior 
art transistor is 9 nm. 

In the recent general purpose cnicroprocessor operable 
at 150 MH2, MOSFETa each having a gate length of about 0.4 
yim are used- In these rETj5, the transconductance thereof 
is about 200 mS/nim at a supply voltage of 3.3 V. Of 
course, it is impossible to obtain a high speed without 
reducing the wiring capacitances and the resistances. 
However, on the analogy of the transconductance of the 
elements, the high current drive capability MOSFET now 
realised has a possibility that the operating speed at 1.5 

V can be increased about 5.7 times higher than that of the 
prior art -transistor operated at 3.3 V. Further, since the 
transconducrance at such a lew voltage as C.S V is as high 
as 860 mS/mm, there exists a possibility that the power 
consumption can be reduced down to about 1/9 and the 
operating speed can be increased up to 5 times, as compared 
with the currant transistor operaxion at 3.3 V. 

The LSI now on the market- (e.g-, MPU microprocessor) 
operates under a supply voltage of 3,3 V and at a clock 
frequency of 200 MHz. 

On the other hand, the invention transisror has a high 
current drive capability ar a low supply voJ-tage (e.g., 1.5 

V or 0.5 V). Here, since the power consumption (P) is 
proportional to the square of the voltage (V), it is 
effective to reduce the supply voltage for realizing low 
power consumption operation. In general, however, since 
a decrease in supply voltage causes a ciocrease in the 
current drive capability of rna transistor, -he operating 
speed of the LSI is inevitably lowered. Therefore, a 



further higher speed is necessary for the LSI operation. 

The power consumption of the LSI can be expressed as 
follows: 

P . k f c Vdd2 + (^is ^Ig) 
where P: total power consumption of MFU 
f : clock frequency of MPU 

c: the MPU capacitance charged and discharged 

by the clock 

V^^: supply voltage 

Ij^: drain leakage current in the sub- threshold 

region 

Ijg; gate leakage currant 

In this expression, the first term k f c indicates 
the power consumed by charge and discharge^ and the second 
term (Ijg + I^g) indicates the power consumed by the leakage 
current component of the transistor. 

Further, the clock frequency f is determined by the 
current drive capability I of the transistor. 

The charge /discharge time t can be expressed as 

t-Q/I-cV/I, f»I/cV 

Here, Fig- 25A shows the relationship between the power 
consumption and the clock frequency in both the invention 
transistors and the prior art transistor ( L^ - 0 • 4 ]am) , in 
which the power consumption per chip is 10 W and the number 
of the chip transistors is 3 x 10^. Here, the threshold 
voltage of each transistor was designed at threshold 
currenr lpA/>im as follows: 0,6 V when the supply voltage 
is 3.3 V; 0.4 V when the supply voltage is 2.0 V; 0-3 V 
when the supply voltage is 1.3 V; 0.2 V when the supply 
voltage is 1.0 V; 0.15 V when the supply voltage is 0.5 V; 
and 0.1 V when the supply voltage is 0.3 V. 

Further, the relationship between the power consumption 
(P) and the clock frequency (f) can be eivided into two 
ranges determined by the charge/discharge and the leakage 
current • 
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As shewn in Fig. 25A, l:he ccmponents of the laakage 
currern: determined by rhe sub-rhreshold characreriatics as 
follows: 

when i:he supply voltage is 1.5 V, the threshold voltage 
5 is 0-3 V, and the power consumption due to the leakage 
current is 4-5 raW; 

when' The supply voltage Is 1.0 V, since the threshold 
voltage is 0.2 V, the power consumption due to the leakage 
current is 30 mW; 
10 when the supply voltage is 0.5 V, sinca the threshold 

voltage is 0.13 V, the power consumption due ro the leakage 
current is 45 mW; and 

when the supply voltage is 0.3 V. since tha threshold 
voltage is 0,1 V, the power consumption due to the leakage 

15 current is ICO inW, 

On the other hand, when rhe tunnel gate oxide film of 
the present invem:ion is used (Lg « 0.14 and T^^^ - 1-5 
nm), the laakage current is 6 x 10^* A/yxm at 1,5 V supply 
voltage. Therefore, if the gate width per transistor is 
20 iO and the number of the transistor is 3 x 10^, the 

power consumption due to tne leakage currs-nt is 2.7 W. 

In summary, when the gate oxide film thickness is 1-5 
nm and when the gate length is 0.14 um, 

if the supply voltage is 1.5 V, the power consumption 

25 is 2.7 W; 

if the supply voltage is 1.0 V, the power consumption 

is 600 mW; 

if the supply voltage is 0.5 V, the power consumption 
is 45 mW; and 

30 if the supply voltage is 0.3 v, the power consumption 

is 6.3 mW. 

Further, when the gate length is 0.09 pm, 
if t.he supply vcl-age is 1.5 V, the power consumption 
is 540 mW; 

35 if th supply voltage is 1.0 V, rhe power consumprion 

is 120 mW; 
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if the supply voltage is 0.5 V, the pov;er consumprion 
is 9 mW; and 

if the supply voltaga is 0.3 v, the power consumption 
is 1.3 mW. 

5 Further, as shown in Fig. 25A, the power consumption 

determined by charge/discharge is as follows, when the 
prior art transistor (in which Lg is 0-4 >im, T^^^ is 9 nm, 
the supply voltage is 3.3 V, and the current drive capabil- 
ity is 0.40 mA/yn) is considered as the basis: in xhe 
10 transistor according to the present invention (in which Lg 
is 0.14 \m, and T^^ is 1.5 nm), the power consumption at 
the supply voltage of 1.5 V is 1.2 times Lirger than that 
of the prior art transistor, and the clock frequency 
thereof is 5.7 times higher than that of the prior art 
If transistor. However, the power consumption of the inven- 
tion transistor at the supply voltage of 0.5 V is 0.047 
times smaller than that of the prior art transistor, and 
the clock frequency thereof is 2.1 times higher than that 
of the prior art transistor. 
20 Further, in the transistor according to the present 

invention (in which is 0,09 pm, and T^^ is 1.5 nm), the 
povjer consumption at the supply voltage cf 1.5 V is 1.8 
times larger than that of the prior art transistor, and the 
clock frequency thereof is 8.6 times higher than that of 
25 the prior art transistor. However, the power consumption 
of the invention transistor at the supply voltage of 0.5 
V is 0.11 times smaller than that of the prior art transis- 
tor, and the clock frequency thereof is 4.9 times higher 
than that of the prior art transistor. 
30 Further, the above-mentioned gate leakage current 

componanr is sufficiently smaller (by one digit) than the 
substantial power consumption component due to 
charge/discharge, so that no serious problem arises. 

Fig. 26 is a graphical representation showing the 
35 relationship between clock frequency (f) and the power 
consumption of MPUs under the same clock frequency condi- 



tions and the sams power consumption conditions for all the 

transistors. In this figura, there are shown transiaror A 

is a MOSFET used in today's MPU, which has Lg - 0.4 pm and 

T » 9 run, transistor B is a conventional 6,1 \m MOSFET, 
one 

which has Lg - 0.1 lom and T^^^ » 3 nm, transistor C is a 
txinneling gate oxida MOSFET according to the invention 
having Lg - 0.14 pm and T^^ » 1.5 nm^ and transistor D is 
a tunneling gate oxide MOSFET according to the invention 

having L- ■ G.09 ^im and T^^^ - l.S nm. 
a 

Alphabets in circle denote improvements of operation 
performances. Condition b (1*3V operation) of transisxor 
C shows that power consumption is the same and frequency 
becomes 5.5 times of these of condition a of the transistor 
A. In condition c (1.2V operation), power consumption is 
the same and frequency becomes 7.8 times. In condition d 
(0.3V operation) power consumption becomes 1/100 at the 
seme frequency. In condition e (0.5V operation), power 
consumption becomes 1/20 vrhila operation frequency is 
increased to 2.1 times. In condition f (0.5V operation). 
In condition f (0.5V operation), power consumption becomes 
1/9 while operation frequency is increased to five times. 

Consequently, as shown in Fig. 26, as compared with the 
prior art transistor operated at 200 MHz and 3.3 V supply 
voltage (condition a) when the transistor of the present 
invention is operated at 1.3 V, it is possible to realize 
a high frequency operation (about 1000 Iffiz) (condition b) 
approximately five times higher tnan that of the prior art 
transistor under the same power consumption. Further, when 
the transistor of the present invention is operated at 0.5 
V, it is possible to realize a high clock operation 
(condition f) fiva times higher than that of the prior art 
transistor, in spite of a low power consumption 1/9 times 
lower than that of the prior art transistor. 

Further, when operated at 200 MHz (condition d), the 
supply voltage can be reduced down to 0.3 V and thereby the 
power consumption can be reduced down to 1/100 of the prior 
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art: transistor (less than 100 mW). 

In addition^ since the transistor according to the 
present invention has a high rransconductance and thereby 
a high cxirrent drive capability at even a low supply 
voltage (1010 mS/mm at 1.5 V and 860 mS/min at O.S V), it 
is possible to realize a high-frequency operation about 
5 times higher than the prior art transistor (about 200 
mS/tnm at 3 V). 

For instance, although bipolar or GaAs transistors have 
been bo far used as high-frequency {one to several tens 
GHz) analog ICs for conununications , it is possible to 
replace these high-frequency transistors wirh the CMOS EJTs 
according to the present invention. 

For achieving a higher integration rate and a higher 
operation speed of LSI, the MCS transistors have been so 
far down-sized. For higher speed, although it is of course 
important to reduce the capacitance and resistance of 
wiring and further to decrease the parasitic capacitance 
and parasitic resistance of the elements, an essential 
point for higher current drive capability is the down- 
sizing of the elements themselves. Therefore, in the 
future, devices operable at further lower supply voltage 
will be required under further lower power consumption* 
xn this case, however, the essential problem to be solved 
is how to form the transistor of high current drive 
capability even at a low supply voltage. 

Further, in the case of the ordinary transistors, the 
transconductance gm so far obtained at the supply voltage 
of 1-8 V is 480 mS/mm or lass in the nMOS of a channel 
length of 0.05 pm (the gate length is presumed to be 0.10 
pm), and 250 mS/mm or less in the pMOS of a channel length 
of 0-06 \M (the gaire length is presumed to be 0.14 \iai) , 
[for instance, as reported by Document ((Writer): G. G* 
Shahidi, J. Warnock, A. Accvic, P. Agnello, C, Blair, C. 
Bucalot, A. Burghartz, E. Crabbe, J. Greasier, P. Coane, 
J. Comfort, B. Davari, S. Fischer, E. Ganin, S- Gittleman, 
J. Keller, X. Jenkins, D. Klans, K. Kiewtniak, T. Lu, P. 
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A. McFarland, T. Nlng, M. Polcari, S. Subbeoia, J. Y. Sun, 
D. Sunderland, A. C. Warren, C, Wong; (Tit:lB) A HIGH 
PERFORMANCE 0.15 \m CMOS; (Source) Dig. of Tech. Paper, 
VI«SI Syrnp. on Tach. Kyoto, pp. 93 - 94, (referred to as a 
S document [A] , hereinafter ) ] . 

On the other hand, rhe transconductance gm so far 
obtained at the supply voltage of 1«5 V is only 620 mS/mm 
in tha nMOS of a cl:iannal length of 0*09 \xnt (the gate length 
is presumed to be 0.14 ]m) , and only 290 mS/mm in the pMOS 
10 of a channel length of 0.11 pm (tha gate length is presumed 
to be 0.19 pm), [as reported by Document (( Writer ) : Y. 
Taur, S. Wind, Y. J. Mil, Y. Lii, D. Moy, K. A. Jenkins, 

C. L. Chen, P. J. Coane, D. Klaus, J. Bucchignano, M. 
Rosenfield, M. G. R. Thomson, and M. Polcari; (Title) High 

IS Performance 0.1 pm CMOS Device with 1.5 V Power Supply; 

(Source) IBDM Tech. Dig. pp. 127-130/ 1993, (referred to 

as a document [C] , hereinafter)]. 

Further, the transconductance gm so far obtained at the 

supply voltage of 1.5 V is 740 mS/mm in the nMOS of a 
20 channel length of 0.05 \m (the gate length is presumed to 

be 0.10 pm), [as reported by Document ((Writer): Y. Mii, 

S. Rishton, V. Teur, D. Kern, T, Lil, K. Lee, K« Jenkins, 

D. Quinlan, T. Bronwn, Jr. D. Danncr, F. Sewell, and M. 
Polcari; (Title) High Performance 0.1 pm nMOSFETs with 

25 lOps/stage Delay (85k) at 1.5 V Power supply; (Source) Dig. 
of Tech. Paper, VLSI Syrnp* on Tech Kyoto, pp. 91-92, 1993/ 
(referred to as a document [D], hereinafter ) 1 « 

Fur-Cher, the transconductance gm so far obtained at the 
supply voltage of 0.5 V is only 340 mS/mm in the nMOS of 

30 a channel length of 0.12 pm (the gate length is presumed 
to be 0.17 pm), and only 140 mS/mm in the pMOS of a channel 
length of 0.12 pm (the gate length ia presumed to be 0.2 
pm), [as reported by Document ((Writer): Y, Mil, S. Wind, 
Y. Lii, D. Klaus, and J. Bucchignano; (Title) An Ultra-Low 

35 Power 0.1 pm CMOS; (Source) Dig. of Tech. Papers, VLSI 
Symp. on Tech. Hawaii, pp. 9-10, 1994.. (referred ro as a 
documen-c [3] , hereinafter ) ] . 



Further, as an exemple of high performance p-channel 
MOSFST, th« transconductanca goi so far oh-tained at thm 
supply voltage of 1.5 V Is 400 mS/nmi in tha caaa where the 
gate oxide film thickness is 3.5 nm and the effective 
channel length is 0.08 pm (the gate length is presumed to 
be 0,15 vxm), and 330 mS/mm in the case where the effective 
channel length is 0.11 pm (the gate length is presxomed to 
be 0.18>wn), [as reported by Document ((Writer): Y. Taur, 
S. Cohen, S. Wind, T. Lii, C. Hsu, D, Quinlan, C. Chang, 
D. Buchanan, Agnello, Y. Mii, C. Reeves, A. Acovic and 
V. Kesan: (Title) High Transconducxanca 0.1 >xin pMOSFET; 
(Source) IEDM Tech. Dig. pp. 901-904, 1992, (referred to 
as a document [B], hereinafter)]. 

Therefore, in order to obtain the performance such that 
the transconductance gm at a supply voltage of 1.5 V or 
higher is 740 mS/min or more in an nMOS and 400 mS/mm or 
more in a pMOS; gm at a supply voltage of 1.2 V or higher 
is 540 mS/mm or inore in an nMOS and 245 mS/mm or more in 
a pMOS; gm at a supply voltage of 0-5 V or higher is 340 
mS/mm or more in an nMOS and 140 mS/mm or more in a pMOS, 
ir is necessary that the transistor is constructed in 
accordance with the features of the present invention. 

Similarly, in general, the current drive capability 
stays such a value as 0-052 mA/pm in nMOS and 0,032 mA/pm 
in pMOS when the supply voltage is 0.5 V, for instance, as 
reported by Document [3] . Further, the cxarrent drive 
capability stays such a value as 0.65 mA/vua in nMOS and 
0.51 mA/pm in pMOS when the supply voltage is 1.5 V, for 
instance, as reported by Document [C] . 

Therefore, in order to obtain the current: drive 
capability such values as 0-65 mA/ym or more in nMOS and 
0.51 mA/pm or more in pMOS when the supply voltage is 1.5 
V or higher; as 0.47 mA/pm or more in nMOS and 0.22 mA/pm 
or more in pMOS when the supply voltage is 1.2 V or higher; 
and 0.052 mA/pra or more in nMOS and 0.032 mA/pm or more in 
pMOS when the supply voltage is 0,5 V or highsr, it is 
necessary that the transistor is constructed in accordance 
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with the features of the present invention. 

Here, the above-mentioned characteristics of the 
transconductance and the current drive capability are both 
obtained at room temperature. Therefore, the structural 
feature of the transistor according to the present inven- 
tion under the supply voltage Vqq can be. expressed as 
follows : 

gm > 400 Vqq -¥ 140 (in nMOS} 

gm > 260 Vq£, 10 (in pMOS) 
where V^q denotes the supply voltage (V in unit) and gm 
denotes the transconductance (mS/mm in unit). 

Further, the strucrural feature of the transistor 
according to the present invention with respect to the 
current drive capability can be expressed as follows: 

> 0.598 Vj3D - 0.247 (in nMOS) 

> 0.268 Vqq - 0.102 (in pMOS ) 

where Vj^q denotes the supply voltage (V in unit) and 1^ 
denotes th© drain current ( mA in unit ) . 

Further, in the above-mentioned values, although not 
described, the gate length Lg lies in the vicinity of 0.1 
in all the cases. 

Here, it has been wall known that the current drive 
capability of the M0S7ET can be increased effectively by 
the method of increasing the moving speed of electrons and 
holeS/ that is, by shortening the ga-ce length and by 
increasing the channel field strength. In this method of 
decreasing the gate length and increasing the channel field 
strength, however, in the case where the gate length 
approaches 0.1 or less, the speed saturation phenomenon 
occurs .(i.e. , when the channel field strength increases to 
some extent, the moving speed of the electrons or holes is 
saturated and thereby cannot be increased), so that the 
current drive speed of the transistor is saturated. 

Last year, as the small geometry MOSFET, the Inventcrs 
have manufactured an nMOSFET having the minimum gate length 
of 0.04 vim in the world, and further reporteid the op ration 



at room temperature. In this report, the currant drive 
cepahility was improved only by 20 to 30%, aa compared with 
that of the transistor with a gate length of 1 ym. 

Accordingly, the afore -mentioned transconductance and 
the current drive capability cannot be realized by the 
conventional method so far reported, and can be realized 
in accordance with only the structure defined by the 
present invention. 

Further, in the ordinary MOSFET having no tunneling 
gaxe oxide film of the present invention^ the 
transconductance of 740 mS/mm at a supply voltage of 1.5 
V has been obtained in an nMOS (the effective channel 
length (^^jf) ia 0.05 pm and the gate oxide film thickness 
(Tq^) is 3.5 nm)^ as disclosed in Document [D] . The gate 
length Lg of this transistor can be presumed to be 0.10 
The value of this transconductance indicates the highest 
performance of the prior art MOSFET having a gate length 
of 0.1 Fur-ther, in the above-mentioned transistor 

having an effective channel length of 0.1 >im (rhe gate 
length is presumed to be 0.15 }m) of the prior art struc- 
ture, the transconductance of 620 mS/mnx has been obtained, 
which has been the highest performance obtained by the 
MOSFET having a gate length of 0.15 of the prior art 
structure. 

Further^ the inversion layer capacitance of the MOSFET 
according to the present invention is equivalent to that 
of the gate oxide film with a rhicknesa of about 0*5 nm on 
the basis of the estimation of the surface carrier concen- 
tration. 

Accordingly, in the transistor according to the present 
invention which has a gate oxide film thickness lass than 
2.5 nm, the following transconductance gm can be realized: 
gm > 740 X (3.5 + 0.5) / {2.5 + 0.5) 990 mS/mm in the 

device having a gate length of 0.1 v:m, and 
gm > 620 X (3.5 + 0.5) / (2.5 + 0.5) ^ 330 mS/nna in the 
device having a gate length of 0.15 ^m. 



In otner words, in order to obtain gm of 990 mS/mra at 
the gate length of 0.1 \im and gm of 830 mS/mxn at the gate 
length o£ 0.15 \im, it is essential to adopt the tunnel gate 
oxide film with a film thickness of less than 2.5 nm, as 
the basic feature of - the transistor accordXng to the 
present invention. 

Further^ at the same time, the maximum value of the 
current drive capability of the prior art transistor is 
0.66 mA/mxn at 1.5V supply voltage, as disclosed in Document 
[C] . this value has been obtained by the transistor (the 
effective channel length is 0.09 pm and the gate length 
Is presumed to be 0,15 pm). Further « when the device of 
the gate length of 0.10 pm is realised iii the prior art 
structure, the current drive capability can be presxamed to 
be 0.77 mA/]m. 

Accordingly, in the transistor according to the present 
invention having a gate oxide film thickness less than 2.5 
nm, the following currenr dxive capabillry can be 

realized: 

1^ > 0.77 X (3.5 + 0.5) / (2.5 + 0.5) n 1.0 mA/mm in 
the . device having a gate length of C.l pm, and 

> 0.65 X (3.5 + 0.5) / (2.5 + 0.5) n 0.87 raA/mm in 
the device having a gate length of 0.15 ym. 

In other words, in order to obtain of 1.0 mS/mm at 
the gate length of 0.1 pm and 1^ of 0.87 mS/tnm at the gate 
length of 0.15 pm at 1.5V supply voltage, it is essential 
to adept the tunneling gate oxide film wi-^ a film thick- 
ness of lees than 2.5 nm, as the basic feature of the 
transistor according to the present invention. 

Further, as an example of the high performance p- 
channel MOSFET, Document [H] reports that gm is 400 mS/mra 
and is 0.51 mA/mm, (when the supply voltage is 1.5 V, 
the gat:e oxide film thickness is 3.5 nm, the effective 
channel length is 0.08 pm, and the gate length is presumed 
to be 0.15 pm), and that gm is 330 mS/mm and I^^ is 0.44 



mA/mm (when the a££ectlv6 channel length is O.ll )xm, and 
the gate length is presumed to be 0.18 \m) . 

In the same way as with the case of the n-channel 
MOSFST, in the transistor o£ the arructure according to the 
present invention having a gate oxide film thickness lass 
than 2.5 nm, it is possible to realize such a high perfor-" 
mance that gm is 533 mS/mm and 1^ is 0,63 mA/mm at the gate 
length of 0.15 ym, and that gm is 400 mS/mm and is 0-59 
mA/mm at the gare length of 0*13 pm. 

In the devices of the respective gate lengths, in order 
to obtain the performance more than the above-mentioned 
values, it is essential to adopr the tunnel oxide film 
having a thickness less than 2.5 nm, as the basic feature 
of the transistor struc-ture according to the present 
invention. 

m other words, it: is indispensable to apply the gate 
oxide film having a film i^hickness less than 2.5 nm to the 
transistor according to the present invention, as the basic 
element, in order to realize the translators which can 
satisfy the relationship between the supply voltage and 
the trans conductance gm or the current drive capability 1^^ 
as follows: 

gm > 530 X V^jd + 19Q (in nMOS) 

gm > 350 x V^^ +13 (in pMCS ) 

> 0.80 X v^^ - 0.33 (in nMOS) 

1^ > 0.36 X Vjjj - 0.14 (in pMCS) 

where is V in unit, gm is mS/ram in unit, and is 
mA/mm in unit, respectively. 

As described above, the present invention can provide 
a transistor excellent in both current drive capability and 
reliability, as compared with the prior art transistors. 

in the above description, th transistor according to 
the present invention has been explained by using a silicon 
oxide film as the gate insulating film. In the present 
invention, however, the same effect as described above can 
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be obtained, as far as an insulating film having a gate 
capacitance equivalent thereto is used. That is, as the 
insulating film, various films can be used^ for Instance 
as follows: silicon nitride film (Si^N^), silicon nitric 
5 oxide film (SiO^Ny), a stacked films of silicon nitride 
film and silicon oxide film (3102/512^^, Si3N4/Si02/ 
S102/Sl3N^/Si02/ Si3N4/Si02/N4), a laminated layer of 
tantalum oxide (TaO^), titanium oxide strontium (TiSr^Oy) 
and Its silicon oxide film or silicon nitride film, etc. 

10 As far as the gate capacitance of these insulating films 
is equivalent to the silicon oxide film having a film 
thickness less than 2.5 run (at the conversion rate to 
silicon oxide film), the effect of the present invention 
can be obtained. For instance, since the dielectric 

15 constant of silicon nitride film is 7.9 (about twice larger 
than that (3.9) of silicon oxide film), when the silicon 
nitride film is used, the same effect as the present 
invention can be obtained when the film thickness is less 
than 5 nm. Whan any of the above-mentioned Insulating 

20 films is used, even if tunneling leakage current flows 
through the gate insulating film, this coincides with the 
gist of the present invention such that the transistor is 
constructed in such a way that the insulating film 
thickness is so determined that the tunneling current flows 

25 through the silicon oxide film, with the result that the 
same effect can be obtained. Further, as far as the 
Insulating film having the gate capacitance equivalent to 
the silicon oxide film whose thickness is less than 2 . 5 nm 
is used, an insulating film through which no tunneling 

30 current flows can be used. In this case, the power 
consumption can be reduced, and thereby i - Is possible to 
realize a high-performance transistor of lower power 
consumption . 

For instance, when one million mosfeTs each having 
35 leakage current of 10"^ A are integrated, the total power 
consumption is 10 mA. On the other hand, when the transis- 



-tors In each of which no tunneling current flows are used, 
the pow«r consumption of 10 niA can be auppressed, the 
performance as the LSI can "oe improved, 

Further^ when the transistors according to the present 
invention are used as a part of the semiconductor device, 
it is possible to realize a hlgh-performanc© and low-costly 
semiconductor device . 

Fig. ISA shows the semiconductor device using only the 
transistors of the present invention, and Fig. 18B shows 
a semiconductor device in which the transistors of the 
present invention ax© used as a part of the semiconductor 
device « In particular, it is praf arable that the transis- 
tors of the present invention are used for a part of the 
peripheral circuit required to be driven by a large 
current: , as shown in Fig. ISB. The semiconductor device 
as shown in Fig. ISB can be manufactured as follows: 

After isolation regions have been formed in accordance 
with the conventional method, the silicon surface is 
oxidized at 800 *C within oxygen atmosphere in accordance 
with furnace oxidization method^ for instance to form a 
first silicon oxide film with a thickness of 4 nm. After 
that, the first silicon oxide film is removed only from the 
region at which the transistors according to the present 
invention are to be formed. Further, a second silicon 
oxide film with any desired film thickness is formed in 
accordance with RTO (rapid thermal oxidation) method. 
After that, the transistors of the present invention can 
be rnanuf actured in accordance with the same process as 
already described. 

In the semiconductor device manufactured as described 
above, the high performance tre^iaistors manufactured 
according to the present invention are formed at only an 
area at which transistors driven by a large ctirrent are 
required, so that it is possible to provide a semiconductor 
device excellent as a whole. In the prior art semiconduc- 
tor device, as shown in Fig. 19, the periph ral circuit 
portion (I/O portion) is formed by bipolar transistors, and 



the in-ternai logic circuits are formed by CMOS trans istiars 
to Incraase tiim operating speed. 

In tlie samiconductor davica according to the present 
invention^ since the device can be manufactured through 
only the CmCS manufacturing procees, it is possible to 
realize a high performance lov-coatly semiconductor devics- 

Furthor, in the transistor dccording to the present 
invention, since the gate insulating film thickness is as 
very thin as 2.5 nm, when surge gate vol-^age (noise) is 
applied; rhat is, when an excessive voltage exceeding the 
supply voltage is applied to the gate insulating film in 
LSI operation, there arises a problem in that the gate 
insulation is broken down (gate breakdown), so thet the 
MOSFET cannot operate normally. 

To overcome this problem, as shown in Fig* 29B, a 
Schottky diode 11 formed of a metal/silicon layer is 
connected to the gate of the transistor of the present 
invention as shewn in Fig. 29A, as a protective circuit. 
The breakdown voltage of this Schottky diode 11 is deter- 
mined lower than that of the transistor 9 of the present 
invention. 

As the Schottky diode 11, any of n-type silicon and p- 
type silicon can be used. Further, as the metal, Al, W, 
Ti, Mo^ Ni, V, Co, etc. can be used as the main component. 

When the Schottky diode 11 is connected to the gate of 
the transistor, even if excessive surge (noise) voltage is 
applied, since the Schottky diode is first broken down, it 
is possible to protect: the gate insulating film of the 
transistor 9 from being broken down by an encessive current 
flowing through the gate thereof- In other words, it is 
possible to realize a semiconductor device having the 
transistors resistance against the electrosxatic breakdown. 

The pr sent invention has been explained by taking the 
case of nMCSFET ±ci particular. However, the structure of 
the present invention can be applied to pMOSFET in the same 
way. In this case, tt\e gate side wall pcrrion is formed 
by asG (a silicon oxide film containing boron), and a 



shallow p-type source/drain region is formed, [aa reported 
by Document (Writer): M* Salto, Yoshitomi, Kara, M. 
Ono, Y. Akasaka, H. Nii, 3. Matauda, S. Momose, V, 

Katsumata, and H. Iwai; (Title) P-MOSFET3 with Ultra- 
Shallow Solid-Phase-Diffused Drain Structure Produced by 
Diffusion from BSG Gate-Sidewall; (Source) IEEE Tana. 
Electron Devices, vol. ED-40, no. 12, pp. 2264-2272^ 
December, 1993)] « 

Further, without ualng the solid-phase diffusion 
technique from the BSG side wall as described above « It is 
also possible to manufacture the source/drain diffusion 
layer in accordance with the ordinary B (boron) ion 
implantation method. 

Figs. 24A and 24B show the electric characteristics of 
the pMOSFET whose source/drain diffusion layer is formed 
by the ion implantation method, in which the gate oxide 
film thiclcness is 1.5 nm and the gate length is 0.2 ^m. 
In the pMOSFET manufactured as described above, the current 
drive capability is 0.41 mA/pm and the transconductance is 
408 mA/mm at the supply voltage of 1.5 V. Further, this 
transistor has the current drive capability of 0,06 niA/ym 
and the transconductance of about 350 tnS/mm at the supply 
voltage of 0.5 V, The above-mentioned performance is very 
high, as compared with the prior art pMOSFET (about 200 
mS/mm in the gate length of 0.2 )im) , [as reported by 
Document (Writer): Y. Taur, S. Wind, Y. J. Mil, D. Moy, K. 
A. Jenkins, C. L. Chen, P. J. Coane, D. Klans, J. 
Bucchignano, M. G- R. Thomson, and M. Polcari; (Title): 
High Performance 0.1 pm CMOS Devices with 1.3 V Power 
Supply; (Source): lEDM Tech. Dig. pp. 127-130, 1993)]. 

Further, in the above-mentioned description, an example 
of the diffusion layer depth of 30 nm has been explained. 
However, it is possible to freely select any desired 
diffusion layer depth by appropriately selecting the 
annealing conditions (for diffusion and activation) b tween 
700'C and 1100*C. 
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Flg- 23 shows how the ra1:lo 1^/^ ( I^: tuxinellng 
current:, l^js channel current) changes according to the 
oxide film thickness and the gate length Lg. Fig, 23 
Indicates that when the oxide film thickness T^^ is l.B nm 

5 (about 20% thicker than T^^ - 1,5 nm), the same the ratio 
Ig/j^ can be obtained even if the gate length Lg Is 
lengthened twice larger than that obtained when the oxide 
film thickness T^^ is 1-5 nm. Therefore, the same leakage 
current rate occurs when the gate length Lg is shortened by 

10 half when the oxide film thickness T^^^^ la 1-5 nm, as 
compared with when the oxide film thickness T^^ is 1.8 nm. 

As shown in Fig. 12, the ratio 1^/^ (Ig: tunneling 
current, 1^: channel current) increases abruptly from a 
value of about 6 x 10*^ at a point Vg of 1.5 V. Therefore, 

15 it is preferable to decide the gate length Lg and the 
Insulating film thickness t^^^ so that the ratio Ig/^ will 
not exceed this limit value (6 x 10"^). At ' this limit 
value of 6 X 10*^, the follawing expression can be estab- 
lished 

20 (nm) - long Lg (lom) + 2.02 

Therefore, the allowable gate length Lg (pm) at an 
Insulating film thickness T^^ (nm) is 

When the LSI ia applied to a one-million (1 M bits) 
25 memory by further reducing the gate current to increase the 
LSI integration rate, if the power consumption as on© LSI 
is determined about 10 mA, the allowable gate current per 
transistor is 10""^ A/>im. In this case, with reference to 
Fig, 6 (in which the tunneling current Ig is shown for each 
30 10 ]im gate length Lg), the allowable gate length Lg (for 
obtaining the allowable tunneling current Ig 10"^ A/>im) is 
0.15 ]m (if i3 1-8 nm) and 0.30 pm (if T^^ is 1.8 nm). 

That is, the following expression can be obtained: 
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Tqjj (nm) - long Lg (jim) + 2.32 

Therefore, if the allowable gate length Lg (pm) in a 
film thickness is 

Lg S 10 (Tqx - 2. 32) 
it is possible to further improve the performance of the 
transistor and thereby to apply the transistors to a higher 
performance LS I . 

Figs, 27A and 27B show the ( Ig - V^) characteristics of 
the gate insulating films with various film thicJcnesaes T^^^ 
used for the ordinary gate oxide filia MOSFETs, in which the 
ordinate (V^ axis) of Fig. 27B is elongated more than that 
of Fig. 27A- Therefore, Fig. 27A shows the same charactier- 
istics o-f the various gate insulating films more than those 
shown in Fig- 27B. Further, Fig. 27B shows the detailed 
characteristics of the gate insulating films by limiting 
the sorts of the films. In Fig. 27B, the characteristics 
can be obtained by measuring the MOS capacitances in 
relatively broad areas (110 vim x 100 pm) . When these 
charac-teristics of the insulating films are used for the 
MOSFKT, as shown in Fig. 2B, it is known that: this leakage 
current decreases due to the down-sizing or the gate area. 

Fig. 29 shows the relationship between the gate leakage 
current: Ig and the gate length Lg obtained when the tunnel- 
ing gate oxide film is applied to the MOSFHT. As shown in 
Fig. 29, although it is known that when the tunneling gate 
oxide film is used for the MOSFET, the leakage current Ig 
decreases with decreasing gate length Lg. However, the 
dependance of the tunneling gate leakage cxxrrent Ig upon 
the gate length Lg is larger than l/I'g- Accordingly, when 
the circuit is constructed by only the transistors of a 
short gate length, it is passible to suppress an increase 
of the power consumption due to the leakage current, as 
compared with the transistors of a long gate length • 

Fig. 30A shows MOSFSTs 12 according to the present 
invention, and Fig. 30B shows a conventional MOSFET 13 in 



comparison with Fig- 31A. The MOSFETs 12 shown in Fig. 30A 
hava a performance equivalent to that of the MOSFET 13 
shown in Fig. 30B. However, when an appropriate mimber of 
the MOSFETS 12 of a short gate length are connected In 
series, it is poseihle' to realize the circuit having a 
desired current drive capability, in spite of a small power 
constimption. In other words, by use of t:he transistors 
according to the present invention, it is possible to 
realize a aemiconductor device which can suppress the 
leakage current sufficiently, that is, which is suitable 
for a low power cons\iinpt:ion. 

As described above. In semiconductor device according 
to the present invention, since the gate insulating film 
thickness T^^ is determined less than 2.5 nm, it is possi- 
ble to improve the reliability under hot carrier stress - 
m addition, since the gate length is determined equal 
to or less than 0-3 >am, it is possible to reduce the 
tunneling current Ig flowing from the source/drain elec- 
trode to the gate electrode, so that the transistor 
characreristlca can be improved. In addition, when used 
at e supply voltage of 1-5 V or lower, the reliability of 
the transistors can be further improved. 

Further, in case an excessive surge voltage (e.g., 
noise exceeding the supply voltage) is applied to the 
MOSFET with ' Schottky diode, since the Schottky diode is 
broken down, it is possible to prevent the MOSFET from 
being broken down, so that it is possible to realize the 
transistor resistant against the electrostatic breakdown- 



